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Evaluation of Automated Imagery
Analysis Algorithms for Use in the
Three-Dimensional Nephanalysis

Model at AFGWC

L. INTRODU CTION

\n automated satellite cloud analvsis svstem has been in use for over a
decade at the Air I'orce Gilobal Weather Central at Offutt V'3, Nebraska., Thixs
svstem is known as the 3DNEPH (Nephanalysis) Model and has been described by
Cobut n1 and Fye, - It is a very comiprehensive svstem that merges satellite
imavery informuation and conventional metcorological data to produce ¢lobal
cloud analyvses eivht times a dav,  The infrared processor is an important coni-
ponent of this syvstem, since the infrared image is the sole source of satellite
information at nizht., IFrequently this is the case during the day as well,

The major component of the infrared processor is an algorithm called MOID AL
that wus designed to separate major regions or luyvers in 1 25 x 25 n mi orid box
which consists of an arrasy of 8 x & infrared values having o nominal 3 nomi
resclution,  The MOD AL Woorithm is a histogram separation procedure that

sives from one to four distinet resions or lavers for cach orid hox,  Our
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objective is to trv to understand this algorithm better, What are its weaknesses?
Where are its strengths”

An algorithm developed by Hawkinsa’4 to analyze satellite data operates on
infrared images, and can be configured to give much the same type of output as
MODAL, This algorithm, called CI.USTIIR, separates the infrared images into
mutually exclusive regions, \l1l points are assigned to a region, whereas in
MODATL some points may be left unassigned. In CLLUSTER, as in MODAL, the
rnumber of regions can be from 1 to 4, We will alternately refer to these as
lavers or clusters. In MODAI analyses they have traditionally been called modes
as well,

The object of this report is to describe MODAIL and CLUSTER, and to com-
pare the results of ; large sample of cases where the two algorithms were run
side by side, ‘These evaluations are made possible by the AFGI. Man-Computer
Interactive Data \ccess System (McIDAS) which is an interactive computer sys-
tem. The algorithms were programmed for the MclIDAS, and a procedure was
arrived at for comparing the two algorithms for different cloud situations. .\fter
some experimentation, a sample set of 350 cases was selected from smoothed
( 4 n mi) DMSP imagery.,  llach case consists of an array of 15 x 16 infrared
gravshades, which meuns that each case contains 4 MODAL analyses, or a total
of 1400 MOD I, analvses for the entire study. The cuses cover a wide range of
cloud tvpes, ground tvpes, and combinations of cloud and ground., Considerable

insisht into the algorithms was vained by image analvsts in reviewing these sets

of data, and it is felt that the basic samples provide a well-rounded data set not

onlv for this study but for further investizations,

200 TALLS OF TUHE ALGORITHMS

The ba=ic natures of the two algorithm = studied here are very different since
MODAT 15 9 histogram evaluation algorithm and CLUSTER is a dyvnamic algorithm,

Details of their structure and operatien will now be given.

3. Hawkins, Rupert s, (1080) \ Clustering Technique for Satellite Image
\nalvsis, 'roc, 8th Conf, on W eather Forecasting and Analyvsis,
\mer. Meteor, Soc,, 115-118,

1. Hawkins, Rupert S, (19381) Objective Analysis of Satellite Cloud Imagery,
Proc, 1981 International Geoascience and Remote Sensing Symposium,

IT.101 Geoscience and Remote Sensing Society, Volume 1, 477-482.
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2.1 Introduction and Details of MODAL

The IR processor of the 3DNEPH merges infrared data, the surface and upper
air temperature fields, and the geography and terrain fields to produce an eighth-
mesh (25 n mi) cloud analysis on the 3DNEPH grid. 2 Cloud-top heights, temper-
atures, and total cloud amounts for up to two ''most significant'' layers are
determined., {(''Most significant” is defined in the 3DNEPH satellite processor
’ as the two coldest layers separuted by 1500 feet or more,)

The automated IR imagery analysis algorithm MODAT, is the routine used
by the 3DNEPH. MODAIL is capable of detecting up to four layers, or modes, of
clouds (including "'clear’ if it is present). It constructs a histogram of the IR

cravshades (see Figure 1) of an 8 x 8 IR image orray. 'These grayvshades are
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Figure 1. MODAL Histogram Analysis

then separated into modes (there are 3 modes in Figure 1) and a representative
sravshade is determined, Using "COLD'" as the coldest grayshade within a mode,
"AIE AN as the averace gravshade of a mode, and "MAN' as the most frequent
gravshuade within a mode, Table 1 lists the seven possible ways that a mode's
representative gravshade is determined for the cloud/no-cloud decision, and

for its height. i.ach mode's representative 'height'' grayshade value is first

converted to an equivalent IR temperature, then corrected for water vapor




Table 1. Options for Representative Grayshades of a Mode

Scheme Cloud/

Number No_Cloud Height
1. COLD COLD
2. MAX MAX
3. MEAN MEAN
4. MAX COLD
5. MEAN COLD
6. MEAN MAX
7 MAX MLAN

attenuation and look angle, and finally converted to the height of the mode using
the eighth-mesh surface and upper air temperature profile, If the representative
“cloud/no-cloud’ temperature of a mode is not significantly different from the
surface temperature, then that mode is flagged as "no cloud.' I'he total cloud
amount is determined by summing the number of pixels in the cloud mode(s) and
dividing by the total number of pixels in the image arrayv,

The choice of schemes in Table 1 allows for tuning of the 3DNIPH output to
the needs of its users, Currently, the nephanalvsis uses Scheme 1, Such a
choice tends to overestimate the presence of clouds, since the cold point of a
mode may be sionificantly colder than the MEAN or the MAN of the mode. This
scheme also tends to overestimate the altitude of low clouds; however, this
scheme may be best for semitransparent cirrus clouds since all of their grav-
shades may be warmer than the true cloud temperature. An example is viven
later. \ description of the logic MOD I uses to distinguish clourd lavers follows

NOD AT operates on the 6-bit IR image values of an 8 x 8-pixel array
(25 n mi x 25 n mi nominal size), Its objective is to separate clear revions and
cloud lavers present in the ima e sample,  The first function of the algorithm is

to renerate o histosram of the 8 s 0 arrav (see Figure 1), \odes nare then
defined in the following manner, \ll searching is done from the cold end of the

historram to the warm end, unless explicitly stated otherwise,

1. \ search is nm:ade through the histogram for
that gravshade that appears most frequently in
the arrav,  his ¢ravshade is the mode of the
mode, henceforth called MAN (see Figure 1),
The number of pravshades of value MAN must




be 23. Let Nj = # of grayshades of value i.
Thus, if NMAX <3, go to Step 5.

2, Grayshades that are one or two counts
warmer or colder from MAX are then un-
conditionally assigned to the mode that MAX
has begun to define; however, if any Nyjax.1
or Naraxzz = 0 {(a breakpoint), all further
assignment of pixels to the mode on that side
(warmer or colder) of MAX is terminated.

3. Further inclusion of any more grayshades i
into this mode farther away than 2 grayshade
values from MAX is strictly dependent on two
conditions: (1) the number of pixels Nj must be
greater than 0, and (2) the Nj must monotonically
decrease with distance from MAN. As soon as
either of these two conditions is not met, assign-
ment of pixels to the mode of MAN is terminated,
This is done on the warm and cold sides of MAX
until either of the above conditions is broken or
the end of the grayshade scale is reached, which-
ever comes first,

4. Go to Step 1, ignoring any pixels previously
accounted for. Up to 4 modes are allowed, 1If
4+ have been chosen, go to Step o,

5. o back wd include any leftover” pixels

inte existing muodes if possible,  Teftover pixels
are those not accounted for in Steps 1-4,  T.eft-
overs are placed into the warmest mode that is
closest te it (see Figure 1), and in no circum-
stance will leftover pixels warmer than the pixels
in anv mode be included in a mode, This ensures
that clear pixels will not be inserted into cloudy
modes; however, this also allows for some
“unassigned’ pixels,

There are some undesirable loopholes in this logie that are not pmimediately
obvious, One situation exists when several pockets of IR vravshades with “peaks’”
(\i':»-: Dlie i clated from a mode so as not to be included in or assizned to that
morle, Tn manv cases, single breakpoints separate substantiallv large croups of
pixels from what should perhaps be their own mode (see Figure 1}, The sDNIIPH
accounts for these pixels in total cloud caleulations; however, subscquent laver
clculations using the leftover pixels can unjustly increase cloud wmount: and
height=, Such is the case in Figure 31, Mode 1, The 21-cravshade spread of this
mode, representing a T of approximately 40 b, ix much too creat,  Although
the majority of the pixels in VMode | are concentrated araund gravshade value 32,

the SDNEFPH would choose as a representative value (using Scheme 1 of Table 1)

the coldest sravshade in Mode 1, which is 54, ‘The use of such a cold value for
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this cloud layver seemingly rmiust overestimate its height, It can potentially over-
estimate cloud presence as well for modes that have a mixture of clear and cloudy
pixels,

Unassigned pixels appeared in 26,7 percent of the 1400 MODAIL cases we
studied. Most of the time the 1T spread was considerably less than the 40°K in
I'igure 1 and many unassigned pixels were for cirriform clouds, for which a siz-
able T is expected due to differing degrees of transparency of the cirrus clouds.

Another situation that commonly arises is that of overanalysis. On account
of the monotonically decreasing criterion in Step 3, and the breakpoint criterion
in Steps 2 and 3, MODAIL tends to be too sensitive to small features in the image
data. Figure 1 also demonstrates this point well, More logically, Modes 2 and 3
should be considered one mode. In general, MODAIL identifies too many cloud
modes and misses some clear areas. Some of this may be due, however, to the
fact that satellite IR data is relatively more sensitive to high clouds than to low
clouds, \e have mentioned briefly a few of the apparent shortcomings of the
AMOD AT analvses, \We realize nonetheless that AFGWC is aware of these short-
comings and we anticipate that an updated IR image analvsis algorithm in the
RITNEPH will attempt to solve them, (The Real-Time NLPH CRTNLEDPH, is a

substantial revision of the 3DNIPH scheduled for use in 1983.)

2.2 The CLUSTER Alzorithm

CLUSTER was designed to analyze a 16 x 16 arr:y of infrared imagery, Thus
four 5 x 5 MODAT. -tvpe arrays are contained in one CLLUSTER arrayv and, in all
the alzorithm testing we have done, four MODAIL arrays have been cnalculated for
cach CLUSTER arriy. The fact that CLUSTER runs on a 16 x 16 array does not
restrict its potential application to the 3DNEPH since the critical gravshades
determined by CLUSTER cun be easily applied to the four 8 x 8 arrayvs within the
16 % 16 array to give separate estimates of cloud amounts and altitudes on the
elvhth-mesh or 25 n mi grid scale,

The first step of this algorithm is to separate the array into four quadrants,
flistoorams are obtained for sixteen intervals per quadrant. The action of the
algorithm is to transform these histograms into clusters, At each step, transfers
are made from quadrants having smaller frequencies in an intervat (o the quadrant
having the largest frequency in that interval, This separates the data into unique
clusters completely consistent with the overall frequency distribution of the whole
arean The eritical aray shades, which are the transition grayvshades between
clusters, are called cut levels,

The algorithm is essentially sequential, and can be stated, therefore, as a

list of operations, Small loops sometimes occur within these steps, but no loop

10




oceurs among or between steps.  This characteristic makes for very fast execu-
tion as compared to algorithms that require many iterated calculations within

larue loops, The major steps in the clustering procedure follow:

ST 1, Subscript the 16 x 16 infrared array by
quadrants, This dimensioned variable could be
labeled IR (4, 61, ‘The four is for the four quad-
rants and the sixty-four for the ¥ - 8 values within
cach quadrant,

STHE 2. The SDNIEPH gravshades (6-bit or 64
vrayshades linear with temperature from 310 to
210 K)Y are placed in 16 intervals.,  The widths
of the intervals are =hown in Table 2, and are
recogniced o include all or nearly all meteor-
ologically =ivnificant data, Interval 1 includes
the warmest count=, and Interval 16 includes
the coldest counts,

ST 20 For each antervad, place the sum of
1 four quadrant frequencies tnto the quadrant
having the Targest frequency value for that in-
terval, If cawals exist for Tarocest,  Teave
for the next ~tep,  (Note that the quadrant data
e now being transformed o cluster datas)

ST L, For those mstances with two or maore

Pirocst frequencies, place the swm at that in-
terval into the guadrant having the Iargest sum
ioadeent intervals,

SR A, 1 any quadrant (cluster) has less than
turteen point= (5 percent of total coveragel) place
o the nearest cluster,

ST 6, For any cluster consisting of two parts
(one or more zero intervals between non~rero
frequencies), separate by putting one in a zero
cluster if a zero cluster exists, If not, put the
one closest to another cluster into that cluster.

STHE 7. Combine close clusters. This closeness
valuce i one of the parameters open in the analysis,
It was selected so that clusters consisting of values
at only one interval and having a similar cluster one
interval away in another cluster are combined into
one cluster,

STEP 8. Pliminate clusters with less than 13 points
(v percent of coverage), This is used a second time

since the separation of multiple clusters could create
' a small cluster,

STEP 9, Summarize cluster information; this in-
cludes the generation of histograms of clusters,
number of clusters, and critical grayshades or
cut levels that separate cloud regions from one
another,

11
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Table 2. Corresponding Interval Ranges for the 6-Bit DMSP Data Used
in This Study. The temperature ranges are determined by linearly
converting the ends of the corresponding grayshade intervals to °K

DMSP 6-Bit
Interval IR Grayshade Range Temperature Range °K
16 52-63 227.3-210.0
15 49-51 232.2-229.0
14 47-48 235.4-233.8
13 44-46 240.1-237.0
12 42-43 243.3-241.7
' 11 39-41 248.1-244.9
‘ 10 37-38 251.2-249.7
‘{ 9 34-36 256.0-252.8
f 8 32-33 259.2-257.6
7 29-31 264.0-260.8
6 27-28 267.1-265.6
5 24-26 271.9-268.7
k 4 22-23 275.1-273.5
3 19-21 279.8-276.7
2 17-18 283.0-281.4
i 1 0-16 310.0-284.6

These cut levels are the major result of the clustering routine. Along with
the infrared values, they specify clustered regions that become the subject of in-
terest, and represent a dimensional simplification of the imagery data. Figure 2
3 shows some results of calculations for a GOES IR image sample, Quadrant histo-
grams appear on the left, and cluster histograms on the right., Summaries are

given below these as marked,

3. SUMMARIES OF THE DATA SET

The data set used for this study was taken from nominal 3 n mi resolution

Defense Meteorological Satellite Program Operational J.inescan System (DMSP OLS)
visible and [R data, Only IR data were actually processed, but corresponding visi- :
ble images were used by the image unalvsts to help in making accurate subjective ‘
cloud amount and type classifications. The OLS is the primary sensor on DMSP
spacecraft, It is a dual-channel scanning radiometer that senses reflected light

and emitted infrared energy in the 0,4 to 1,0 um and 10.2 to 12.8 um spectral

bands, respectively. 1\ more advanced design of the OLS enables the earth sampl-
ing to vary much less in resolution as scanning proceeds from nadir to higher scan

angles, The 3 n mi OIS data described in this report were smoothed twice: first,

|~




GOES 8-BIT
GRAYSHADE INTERVAL UNCLUSTERED CLUSTERED
RANGE # QUAD. FREQS. CLSTR. FRE(QS.
206 - 255 16 } ] | |
196 - 205 15 | | | |
186 - 195 14 i 3 17 | | 20 |
176 - 185 13 | 1 8 | 138 | | | 146 |
166 - 175 12 | 1313131 | | | 19|
156 - 165 ] | 20t} 3l b | 16}
146 - 155 10 | 113 | l___| 141 |
136 - 145 E | 315121 || o 1|
126 - 135 8 I 11 4 | b | I 5 1 |
116 - 125 7 I s 16 (12114 | ! 124 | !
106 - 115 6 | & 1919 | | | 24] | | |
96 - 105 5 126 1 4 118 | | |_48] | | 1
86 - 95 4 22 16 | 8 | | 36 | {
Jo - 85 3 [ 5 17 | 1 | | 23 f i
66 - 75 2 | 1 | | 1 | |
0 - 65 L i i | ! ! | ! ! ! i
L 's |64 |64 le4a 164 | 1108124 143 |81 |
CLSTR. NU. Ly b2 3 1 e |
CUT LEVELS 1 85 | 115 | 155 |
NO. OF PTS. | 24 § 108 | 43 | 81 |
MEAN IR 179.61 98.9]128.6)179.9]
MEAN VIS 140.21 53.0] 64.0( 71.7]

Figure 2, Histogram Data Before and \fter Clustering With a Summuary Below of
the Four Clusters. This exuwmple s from an 8-bit TR GOES image

on the =atellite from 0,3 nmi to 1,3 nomi, and then at AFGWC from 1,5 00 mi to

oty Take the visthle daty, OFS IR data are digitized into one of 108 possible
cravahade vidues on the satellite, and truncated to one of 64 possible values at
GMW L TThe TR sensors are designed to detect a maximum equivalent blackbody

. tercperature of T107R and o vrintmum of 2107k, \Warmer scenes, however, tend
to have constdlerable itmospheric attenuation so that equivalent blackbody tempera-
ture - e less than true seene temperatures,  Mtenuation correction factors vary
froo 15 at 2100k deewn o 3T At 20000,

Fhe fata set conae te of 550 CLUSTER canples g their corresponding 1400

MO AT e oles trhen fror aowide viartety of atmospherie conditions ranging from
clear to hichhy ctive olond reoyon -0 Wode an effort was made to get as varied a

~anvple s possible, Ue e prevadent elowd by pes occur more frequently within

—

the ~et,  Al-o, -0 pdecof Lind=w e boundaries under clear ~kies were selected,
The underlving concider tion i o sbans the ity =election was Lo obtain as “com-

pleve ample s posable for testine deorithor- sueh as MODNAT and CT.USTER,
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The samples are mostly from regions of feature transition. Flat regions were
occasionally selected but, since these do not generally reveal much about the
capabilities of the algorithms, samples that include more than one level or feature
(that is, land/cloud) wer¢ srdinarily chosen., These levels range in contrast from
multilayered cloud scenes to simpler clear/cloud scenes,

The data set was sent on tape by AFGWC to AFGL, and eighth-mesh sumples
were collected and saved using the McIDAS, Data and algorithm results were
printed out for each of the 350 eases in the set, The results for Case 302 are
shown in Figure 3, Data such as shown in Figure 3 was used to compare the per-
formance of the algorithms, \t the top of Figure 3 some information concerning
which imagery the case came from is presented.  The data, cloud tyvpes observed,
and background (which were entered by the operator juring the samnple save gen-
eration) are given, ‘The top array contains the orisinal 6-bit infrared imave values,
(\ value of 0 is warmest, and 63 is coldest,) Reaults of MTIODAL and CLUSTER are
then listed in coded form, "L represent= the lowest laver (warmest mode or
cluster), ", " the next hizhest (nest coldest) Taver, -7 the next, and T the ngheat
laver. (Note that if onlv two laver are found, .7 represents the bighest Jcoldest,
one,) Grav=hade ranges for the four MOD AL darray - and one CHUSTER array are
then siven it the bottom of the printout,

Fivure  also iltustrates how the CLUSTEHR doermthe would easily cenerate o
clowd analvsi= for 8 8 IR arevavs fobdhth et or even b x b oarravs (sivteenth-
ree~h), The eritical sravahade s or cut values can be deternimed for the 16 8 10
array, s CLUSTER ddready does,  These cut values can then be applied to com-
pute cloud parrreters —ueh s clon b cove e e rre e s o s B o o s ed

Ubsets of the orronad 16 X 16 o o

The exarple in Figure 3 16 for Saeeple 302 which, according to the operator's
notes recorded at the time of the <ave, conststs of dhout 50 percent cursulus build-
up- and 50 percent stratus buildups. Remember that MOD Vs onady e aee for
four independently analveoed 8 « 3 arrave-, all of which make up the 50 percent Cu
and 50 perecent St, and are rerels positioned tooethes in Fioure 0 for covepars~on
with the CLUSTIR analvais, This cause~ ~oree eventual irresularitie- in the
lavers' representative IR ravabade- to oecur from one 58 0 bex o anathier,
wherea a ameoth analvais = con ctedd bo D TSTERL, Any sueh =riall-sende

irrecularities will be reflected in the cloud aalvaias output,

3.1 Categories of Clear and Clondy Recions

The 300 cases were separated mte ~oven bhasice categories,  Table o sbows the

names of thes=e catecories dlong with the nunbher of crisess From Teft to rigoht
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these are Clear Land/\Water/Snow, Cumulus, Stratus, Stratocumulus, Cirrostratus,

Cirrus, and Cumulonimbus,

Table 3. Composition of the Cloud Imagery Sample Set

| ! ! } } ’
: ’ CLL/CEW OLs Cu | St | SeopoCs | o Cb
| I
| 44 89 1 4 039 1 16 [ w2 | 25
[ l I L |

This separation is done on the hasis of the major classification (the most
dominant tyvpe) for each sample, Minor constituents usually occur in all cases
except clear land or clear water, We feel that this sample is more than adequate
for evaluating MOD AL and CLUSTER-type algorithms. The fundamental drawback
in the evaluation of such algorithms is the subjective approach that is required to
settle on (1) what is desirved of an algorithm like MODAIL, and (b) once decided
upon, how well MODATL and other algorithms meet those criteria. The criteria
we feel to be of iraportance are enumerated in the following paragraphs. Also
stated is the rationale for separating a grid box into regions or lavers.

Separation of basic features for making simple accurate statements about
orid boxes is the goal. In the 3DNEPH these features (regions) are referred to
as lavers, Naturally, lavers standing out from other layers are most desired to
be sepairated.  Two lavers hardly distinguishable from each other should be
analvzed as one laver,  Both the size of the area and how much the area stands
out from adjacent areas should determine whether or not it qualifies as an in-
dependent laver. These coals are not stated explicitly; however, they are
implicitly included in algorithms that perform the separation,

The separation should be mutually exclusive. In other words, the sum of all
the layers/clusters should constitute the whole grid box area. Among other things,
this makes for a complete analvsis and moie meaningful data reduction than if
this is not a requirement. CIL.USTER has this feature, MODAIL lacks this feature
since sometimes IR values are not assigned to modes; however, subsequent proc-
essing in the 3ADNITPH decides whether the unassigned IR values are clear or
cloudy,

The sensitivity of the separating algorithm should be reasonable from the

warmest equatorial regions to the coldest polar regions, It would also be an




advaniage if it could be tuned to give a desired response. Both MODA L and
CLUSTIIR are open to tuning, but CLUSTER is far more flexible in this respect,
I'or operation in the 3DNEPH model, fast computer times are required to
perform the analysis due to real-time processing constraints. If an algorithm is
not fast enough it cannot qualify for use by the 3DNEPH, Of course, MODAL
satisfies these requirements, Our experiments with run times show that, on an
average, MODAIL takes 0,026 seconds, and CLLUSTLR takes 0,094 seconds., Com-

paring area-weighted times, CLLUSTER runs a little faster than MODAL does,

3.2 Exaluation of the Two Alsorithuis in Terrus of the Seven Basie Categories

Clear. I'rom the point of view of region separation, this is a simple category.
Problems arise not from algorithm inadequacies, but from the very nature of the
IR data., There are instances when low clouds blend into the surface temperatures
and, consequently, are not separated by either MODAL or CLUSTLR. Therefore,
clear regions and scattered cumulus conditions are often difficult to separate
satisfactorily. VFigure ¢ illustrates how the 16 x 16 CLLUSTER array size has a
“context' advantage over MODAIL, when scattered cumulus are present in an
otherwise clear area. CLUSTFER identifies two distinct layers, compared to just
one layver for MODAIL,

In warmer revions where land temperatures approach those of water, subtle
land/water distinctions are barely discernible by the IR sensor, and commonly

indiscernible by the MODAT, and CI.LUSTER algorithms (Figures 5 and 6), Wherever

temperature contrasts are great enough, neither MODAIL nor CLUSTIIR has serious

problems in land/water separations,

Cumulus, There are several problems with the ability of both MODAIL and
CLUSTER in the analysis of Cu. \lost of these problems, however, are due to
the physical nature of the clouds themselves. They generally do not fill the field
of view of the sensor. Thus, calculations of total cloud are difficult to perform,
especially on a pixel-byv-pixel basis as the 3DNLPH essentially operates. An IR
pixel that represents a C'u cloud that partially fills that pixel contaminates the
grayvshade: the temperature that grayshade represents is actually representative
of some cloud and some ground radiation, The observed temperature is warmer
than the actual cloud element’s temperature, but colder than the underlying sur-
face temperature, \When the algorithms compare such a temperature to an adja-
cent clear pixel, the difference in temperature (gravshade) may or may not be
enough to allow MODATL or CLUSTER to distinguish between a partially cloud-
filled region and a clear region. It should be noted that this is not necessarily

an algorithm problem, but a physical one due to IR sensor characteristics, field
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20

-




T T——

of view, and atmospheric attenuation. Nonetheless, CLUSTER seems to handle

these situations more favorably than MODAL, since MODAL 'tries too hard' to

separate subtle changes in grayshade, Separation of Cu from higher layers does
not present a problem for either algorithm,

Figures 7 and 8 illustrate the action of the two algorithms on cumulus fields.,
First, notice that MODAL overanalyzes (provides seemingly irrelevant detail)

in some places, and that CILUSTER gives an apparently neater analysis. Points
not analyzed into a level by MODAL are blank in the illustrations, These points
are warmer than the warmest mode (see Step 5 of NMODAL in Section 2.1). While
the two cases represent specific situations that are not that frequent in the data
samples, they do indicate MODAL's apparent problem of overanalyzing the image
data. MODAL might be characterized as being "oversensitive' to small changes
over small distances, Some of the variability in the MODAL analysis occurs at
the boundaries of the quadrants. MODAL is not at fault here since the individual
quadrants may have appropriate layers., It must be remembered that the MODAL
mapping is made up of four independent runs, Symbols may not represent the same

temperature range from one quadrant to the next,

Stratus.  Neither MODAL nor CILLUSTER has a problem with flat fields of data.
Stratus is one cloud tyvpe on which the two algorithms behave similarly, There

are cases to be found throughout the stratus samples that support this observation;
however, avain there is a tendency for MODAIL to be oversensitive, and put in more

lavers than necessary,

Stratocumulus, Stratocumulus poses less of a problem than cumulus since these
clouds tend to fill more of the field of view, Thus, many of the physical con~
straints inherent in cumulus detection and analysis are not so prevalent for the
proper detection and analyvsis of Sc, Both MODAIL and CLUSTER tend to find too
many lavers of 8¢, They do not always do so on the same cases. Examples of
MODAL overanalvsis of Sc are in Figures 9, 10, and 11, and for CLUSTER in
Figures 12, 13, and 14, Both are finding subtle changes in the temperatures of
cloud fields, We feel that the cloud analysis would be improved if this sensitivity

was tuned out of the algorithm to be used in the 3DNLPH,

Cirrostratus, Cirrostratus fields tend to appear flat and are generally well-

analyzed, since temperature differences among these ice clouds and most any
other categories in an image are great, While both algorithms perform well,

AMOD AT has the tendency to find too many layers, as noted in other categories

(see Figure 15, for example),
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Figure 9, MODAL and CLUSTER Analysis for Case 15
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IFigure 10, MODATL and CTLUSTER Analvsis for Case 16
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Figure 11, MODATL and CLUSTER Analysis for Case 217
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Figure 12 MODAT, and CLUSTHER Analvsis for Case 62

-1




SAMI_E #2079 MODAL=CLJUSTER ANALYSIS  6=BIT IR GRAYSHADES
' [4A3Z 40032~130

0R3IT 82765 DEC. 18, 1979

™V oIN a7 CLOUDST < CLL CLa

TV I 3137 BRGNDs “[X

34 23 2% 28 30 33 32 32 34 36 37 37 37 37 37 38
34 28 27 27 28 30 30 30 31 34 34 35 37 37 37 37
35 3) 27 27 27 28 29 28 24 31 31 34 35 3S 315 134
35 32 27 27 27 27 27 23 29 29 32 33 33 35 315 13§
36 33 28 27 26 26 27 30 28 31 33 33 33 34 38 37
315 33 28 27 27 27 27 29 29 31 3% 34 33 3IS 37 3R
19 32 27 27 27 2B 28 27 30 32 36 36 35 35 35 3e
32 30 27 27 27 2B 28 24 10 33 3p 38 37 36 36 3Is '
10 30 2R 28 28 2R 28 29 29 31 32 35 34 15 35 s
30 31 31 29 30 33 30 29 28 27 24 30 3t 32 32 32
T2 %4 3u 33 34 35 34 28 23 27 27 28 30 32 3k 34
34 1% 35 35 35 35 35 31 27 27 27 27 39 32 34 82
35 335 38 34 36 35 Ju 24 27 27 27 28 23 32 34 3?
34 35 36 36 36 35 34 28 27 26 27 28 29 31 32 33
36 35 35 36 34 36 34 23 27 27 27 27 28 2?9 30 32
34 35 36 36 36 36 3o 1S 30 28 27 27 28 28 28 29

4))6L 4vALYSIS TLJUSTER avaLvysi1s !
=L L L . = ® @ = e 2o oe .- L R R A L L H
= e Ll o4 s === = L S R e N T A
T O O .- - - = . LLLbL s Ll oo ===n=-=-
Lo T T = . L L L el v a ¢ o o o ===
4 e L L oLl ol o oo o=9-= =, L L L Lt a0 o s oo ==~
T T S e N L = . LLLLL oo™, ===
L S L L O R A L
-uLL-LL--.----.- ..LL-&-L;- . . e =
T L T T s s L L L Lk o o9 ===~
O P R
S R R L I R A A N
.. T e e e s e e LUl .-,
. . e . L ot ... L N e N O T T A
s e e s o o 2 = L LL L .o . . * = e e o = = L LLLLL. ..
P LLLLo. . = .- -, LL e b o o @
Ll Ll oL o e e e = e e« = LLLLCO.

L

L MOJE 1=l v0OOt 2=. MOE 3=a  MIDFE d=M CLUSTER

MINES RN CNTS  «N3 VT8 wNG CNTS  Avs INTS v RNG CNTS X
FJAORANT 4w PRhe?9 42 3030 7 32e3y 10 35e3h S 1= 0=2R 79 39
JJadRaNnt 2 3 PRe2Q K INe3 17 Ju=3R 42 Je 0 ) 2=, 29=33 78 30
4)a02aNT 3 D 28«11 2t 32«34 4} N= 0 0 Ne 0 3 3z= 34epY I3 18
PRIDLY B B 26=29 315 30a3p 29 0= 19 0 0= 0 3 dzw 0= 0 " o

Ficure 13, NMODATL and CT.USTER \nalvais for Case 200

I
28




SAUO_E ®3)y MODAL=CLJSTER ANALYSIS 68T IR GRAYSHADES |
a3 380021390 ;
ORBIT w275y DEC. 17, 1379 !
Tv N 320 CLOubS: SC {
Tv ZL€ 422 BXGND: w~AT i

30 30 3% 33 13 31 32 32 33 34 34 3% 35 IS 35 35 §
12 32 3% 34 32 30 31 31 33 34 34 35 35 IS 35 V4
32 33 3% 34 33 31 31 3% 395 34 33 34 34 34 34 34
33 33 33 33 33 29 30 32 34 33 33 33 33 1y 33 33
33 33 32 31 31 30 28 33 33 33 3y 32 32 32 32 3%
33 13 32 28 29 31 29 31 32 31 28 31 30 31 29 W)
$3 32 30 27 32 29 29 32 32 29 27 30 2s 27 27 132
32 31 30 31 31 28 30 32 31 28 27 27 2% 27 31 3
30 29 29 30 2B 27 31 32 3y 23 2% 28 23 28 12 3
2T 27 27 29 27 27 28 31 31 28 29 30 30 in 32 3}
29 293 29 30 27 27 26 27 29 30 30 29 30 31 32 3y
30 30 30 28 27 28 26 26 28 30 31 31 32 32 31 ¥t
30 32 32 2B 26 Y0 27 2R 2R 28 38 32 33 32 30 3y
29 41 32 28 26 29 27 27 26 26 30 31 33 32 33 3y
30 31 32 29 26 29 30 29 2?6 25 28 31 32 32 32 1t
31 31 32 30 26 29 31 29 27 29 31 32 32 32 31 3t

MI%&( ANALYSIS ZLISTEQ AVALYSIS
[ N S e DL A L L B )
L M T I I 4
L S S L M T L A I B B B 4
I L L T LA T A I L 4
S N N T T LA N O T IR B B ]
O N N T e O S T T O
[ N L " T =T . e, " L oL L L -
L O O T " W M L ® e v s e b s L LLLL L .-
e bbby o Lo v o LLEL &L o L T N S e e
O O N N T T L T [ T T L e
L A v b e s L LLL o o a5 o0 =
E I S S P e T T T, voe s b L L L L ey .,
P O T T DI e N L L
e e v b o= Lot | « oo "L L s LLLL ===,
[ S T L S LI N S T A s
E T S S PR R T T T R
»
. MOJE 12l MOOE 2=z, MUJE B3ze #IIE uzH CLuUSTER

MIDES RNG CNTS QNG ONTS  RNS CVYS 943 CNTS  w RNG ONTS X
JAUADRANT ¢ 1 27«34 b4 0= 0 2 0= 0 0 J= 0 0 Y=L Ne28 59 22
JJ4IRANTY 2 2 29«27 8 JRelbH G4 ¢=- 0 0 Ne 0 0 22, 29=31 9y 37
JUADIANT § 2 2K+29 40 30e32 24 0= 0 9 0= 0 0 3z« 32=431p02 39
IJAORANT a4 2 29«2R 14 2931 490 0= 0 0 9= 0 0 4z~ N= 0 O a

Figure 14. MODAT and CLUSTER Analvsis for Case 301
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Figure 15, MODAIL and CLUSTER Analvsis for Case 199
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Cirrus. Both algorithms tend to find too many layers of cirrus, MODAIL's over-
analvsis appears to be worse than CI.USTER's, however, Cirrus houndaries
naturally are the cause for this problem, as transition zones among solid cirrus
and other regions are partially filling the sensor field-of-views, Also, cirrus
variations in thickness and, hence, radiative temperature contribute to this
problem. While some altitude variation of cirrus is expected, the algorithms
respond too strongly to field-of-view and emissivity variations. As with previous

cases, these sensitivities should be tuned out of the operational algorithm.

Cumulonimbus.  Both algorithms have little problem detecting the presence of
cold revions adjacent to warm regions; however, both algorithms tend to be too
sensitive to Cbh edges, AMODAL seems to find more layers at the Ch edges
(I'igure 16) than C1.LUSTFER, It is interesting to note that in many Cb cases where
MOD VL has “undefined’ pixels (see Step 5 of MODAL in Section 2, 1), clouds

are venerally found. In addition, these areas seem to be where CIL.USTLR

overanalyzes,

3.3 Frequencies of Clusters and Modes

The 350 cases were reexamined to study the tendency of MODAL and CLUSTLER
to find too many cloud lavers, Por this study, we looked at clear cases that were
entirely clear, and cloudy cases with only one category of cloud. We were left
with 47 elear cases; 27 with a mixture of land and water, and 20 with a uniform
backaround, We also found 168 suitable cloudy cases. The cloudy cases could be
overcast or partly cloudy, as long as the background was uniform and only one
cloud category wa= present in each case, ‘The objective was to identify cases
where the MclD S observer, using both IR and visible imagery, found only one or
two regions per case, so that only one or two clusters or modes would be the
dexired result of the alsorithms,

Figure 17 shows the percent distributions of the numbers of clusters and

. modes for these cases, Cirrostratus and cumulonimbus are not shown since

A there were too few cases to define a distribution. CLUSTER performed well for
cumulus cases since the desired one or two clusters were found 86 percent of
the time, [For clear cases, both MODAIL and CI.USTER performed well. There
were a few cases over cold land or snow where CLUSTIR found two or three
clusters when only one was desired. The larger array size for CLLUSTER may be

more sensitive to thermal gradients over clear land than the smaller array for

MODATL, We will look at this in future studies to ensure that the colder land

clusters are not improperly identified as clouds,
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Figure 16, MNODATL and CLUSTLR Analysis for Case 340
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The cloudy categories in Figure 17 confirm the examples in the previous
section. Both MODAL and CLUSTUER are tending to overanalyze cloud lavers,
finding 3 or 4 modes or clusters when only 1 or 2 are desired, MNoreover, MODAL
is overanalyzing more frequently than CLUSTIER. ‘The cirrus cases are the worst,
(The few cases of pure cirrostratus and cumulonimbus also iended to have 3 or 4
modes or clusters.) It can be argued that cirrus may be found in multiple lavers
s0 that 3 or 4 clusters or modes would be acceptable for some cases. Nothing in
our meteorological experience, however, leads us to believe that this should
happen 92 percent of the time as 'igure 17 shows when the percentages for 3 and
4 clusters/modes are summed.

Two further comments related to the excessive number of modes found by
MODAL should be made, First, the most recent technical report on the :il)\lf!’l!:
states that a mode is defined for a single gravshade that contains v or more
samples, or a group of adjacent sravshades containing 12 or more samples.  This
is no longer the case in MOD\I, since a single vravshade that contains 3 or more
samples can presently define a mode, These "small” muodes contribute heavily to
MODAL's tendency to find more modes than observers can find in the IR or visible
imagery, The second comment is that not all the modes in MODAL are designated
a» separate cloud layvers by the 3DNEPH, There are somewhat arbitrary rules
elsewhere in the ADNEPH code for combining the modes into no imore than two
cloudv lavers. Although we did not duplicate these rules in this study, we suspect
that the overanalysis of modes will still be detrimental to the final cloud lavers in
the SDNEDPH, at Teast when civrus is present, and probabls for other cloud cate-
sories as well,

\s anticipated, both alsorithms performed extremely well (over M0 percent
accuracy) when analyvzing samples where only one mode or cluster was desired,

[t should be noted, however, that the majority of cases containing onlv ene homo-
geneous revion were clear land, water, or snow and uniform stratus, imacery

tvpes that present onlv minor problems to the aluorithme.,

3.4 Preliminary Cloud Cover Exaluation

While cases were being identified and saved on the MelDAS, the image
analvsts made subjective estimates of the fraction of cloud categories over the
16 x 16 array of IR values, 'The observer could look at both visible and I imuaves
so that the estimates of cloud cover for low clouds were venerally trustworthy,
and were assumed accurate to ¢10 percent.  \s in the previous section, 'simple’
cloud cases with onlyv one cloud category appearing in each case were studied,
An observer reviewed each case for both MODAT and CLUSTHER, identified the

cloudy modes and clusters, and calculated the total cloud cover for each 16 x 16
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array based on the numbers of samples in the cloudy modes and clusters. The
observer was performing the role of the 3DNEPH surface temperature field in
separating the clear and cloudy modes or clusters. (This was a time-consuming
technique that we will endeavor to improve for future cloud analysis studies on

the AlcIDAS.) Results are given in Tables 4 and 5.

Table 4, Cloud Cover Within 10 Percent of Observed

LTIl IO TIT T
GLUSTER _MODAL __Total Cases |
| tu 38% 25% 52
| St 61 707 23
} Su 307 607 25
, ci 50 38% 34
. Al Four Cateyories 537 435 134

Table 5, Cloud Cover Closest to Observed
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: CLUSTEK  MODAL  Ties  Total Cases
Cu 467 L2 127 52
\
| Y 307 137 575 23
‘ !
1ose 447 28" 287 25
1 | 3N 477 157 34
1
; [ AL teur Citeperies [ 16 23 134
: 4 A S U
,i
i
:
F Table 1 shows the percentages of cases that had cloud cover within 10 percent
: of the observed., For the total of the four categories of clouds, CILLUSTER per-
: formed better than MOD AL (33 percent compared to 43 percent) but there is ob-
]
[‘ viously room for improvement for both algorithms. The cloud cover estimates

wore weakest for cumulus and cirrus categories, which is expected since these
categorie s are most likely to Lave subpixel cloud elements and highly variable

chanses in cloud emissivities from one pixel to the next, The categories with
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larver cloud elements, St and Sc, had more accurate cloud cover estimates for
both alvorithms,

Table 5 shows the purcentages of clond cover estimates that were closest to
the observed values on a case-by-case basis, CLUSTER had cloud cover esti-
niates closest to observed for 3 out of 4 categories, and for the sum of all cate-
vories; however, the differences between MOD AL and CLLUSTLR are not great
in this comparison,

The average cloud covers for observed, MODAIL, and CLLUSTLER estimates
were calculated for each catevory to see if the algorithms were finding more or
less clowds than the observed, Very little difference was found for Cu, St, and
Se, but MOD AL and CLUSPER both found about 5 percent more Ci than the image
ohservers, e irmage obhserver estimates of (i coverage often seemed low com-
pared to band-drawn contour analvses of the 16 x 16 arrays of IR data. or this
clowd catecory, moreover, the visible data was not very helpful for estimates
of cloud cover fron the bmoe displavs,

I'he ~subnective estintates of percent cloud cover were almost indispensable
for evalu ting the performance of CLUSTIEHR and MODNAIL, and have convinced us
that inter wtive cor-puter procedures should be established for improved eloud

cover verification an future studies,

L CONCLUSHONS

Ve bave evaluated the SDNEPH AMOD A aloorithm, alonge with an alternative
CLUSTER aleorithes, and have found that CTUSTER performs: better, The
CLUSTER Adeorithnm finds clear/ cloud boundaries, numbers of cloud lavers, and
fractions of ¢lowd cover that are closer to those estimated by observers evaluating
the TR tnd visible imaces. The MODATL aleorithm finds more cloud lavers than
are observed, and tends to overanalvze regions of transition from one laver to
another. The CLUSTER aleorithm is desiegned to assign all points to a laver in
an optimal manner,  The MOD AT algorithm frequently (27 percent of the time)
terminates its histooram analssis with unassigned points. These points are later
assigned to warmer modes, which will tend to overestimate the altitudes of clouds
in those modes (except cirrviform ciategories), since the SDNEPH usex the coldest
gravshade in @ mode to represent the entire mode, CLUSTER uses a larger array
of satellite data, and appears to benefit from the extra information by improved
detection of low clouds such as cumulus. CLUSTER, moreover, produces all
the information necessary for cloud cover estimates at the same mesh size as

the SDNEDPIL,  On the McIDAS, CLUSTER takes very nearly the same computer

time as MODATL, so that its computational requirements are reasonable,




Despite the overall advantages of CLLUSTLIER, there is considerable roorm for
improvement, and algorithm development leading to accurate cloud analysis should
continue. In particular, CLUSTILR finds too many layers of cirrus clouds, and
the fractional coverage of both cumulus and cirrus clouds usually differs from the
apparent coverage on the satellite images, When thermal gradients are found in
clear land or snow, it can also find two or three clusters when only one is desired,
The MODAL analyses were slightly better in these areas,

Unlike MODAL, the CTLUSTER algorithm can be tuned in a number of places
to reduce sensitivity, and give results closer to those that actually exist., YFor
instance, it might be possible to improve cirrus lavering by increasing the in-
terval sizes in the cold temperatures. Surface regions can be simplified; that is,
analyvzed into fewer clusters, by increasing the minimum size of a cluster, These
are but two examples of how CLUSTER is open to tuning by making very simple
alterations to the algorithm, There are other places in the algorithm code where
simple modifications can be made to better model specific meteorological condi-
tions that occur commonly on a global basis,

The \FGWC has recognized the limitations of MODATL, and the complexity in
computer code, so that a substantially revised version has been written for the
planned upurade of the SDNEPH known as the Real-Time Nephanaly=is (RTNEPIH).

\With the continued cooperation of VFGWC, and drawing on our experience with
MODAT and CLUSTER, we plan to evaluate the RTUNE PH suatellite analvsis aleorithm,
We also plan to use the capabilities of the MelDAS svstem for himproving estimates
of "cloud truth” for the evaluution and refinement of the cloud analyvsis alsorithms,
Finally, we shall propose the use of a medified CLUSTER algorithm, developed at

\FGIL, in replacement of, or in tandem with, the RTNSPUH/SDNEPH image analvsis

algorithms,
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